Abstract: Customers of industrial system/machines are becoming increasingly focused on life cycle performance of products for their purchase decisions. Manufacturers of such type of products, for example machine tools, are experiencing increased pressure from customers to deliver customised products with documented reliability, maintainability, maintenance and support characteristics and also with minimum environmental impacts. In this article, first the problem has been explored in the context of Indian machine tool industry and also from literature perspective. Some of the important issues are listed and research steps are identified to address these issues.
Introduction
The life cycle of every system can be divided into four stages namely system design, production operations, field operations and finally retirement (Hatch and Badinelli, 1999) . System design can be defined as a decision making process that determines the system configuration and the reliability and maintainability of the system/subsystems/components, where the goal is to build a system that performs all functions successfully throughout its life. While functional requirements are easy to capture and quantify, the performance requirements that depend upon reliability, maintainability are not specified explicitly by most of the customers. Apart from designing for quality, reliability and maintainability, it is also important that methods necessary for control and assurance be used at the production stage. After production stage, the product or the system is used by the customers where maintenance and support play a major role. It is this stage of the product life cycle that determines the competitiveness of the product in the market. If a product is designed with due consideration to issues related to support, maintenance, service delivery performance and the competence and capability of users, it can be a major source of revenue for the manufacturer and users (Markeset and Kumar, 2003) .
The scope of the product support has broadened over the past decade; In addition, it has included such aspects as installation, commissioning, training, maintenance and repair services, documentation, spare parts supply and logistics, product upgrading and modifications, software, warranty schemes, telephone support, etc. (Markeset and Kumar, 2003) . However, maintenance, warranty policies and spare parts' requirements are the aspects of the product support that are not only interdependent, but also depend on other design parameters like reliability, maintainability and system configurations. For example, a maintenance and warranty policy that is optimum for one of the system configurations may not be optimum for some other configuration as the reliability and maintainability characteristics of these two configurations may be different. In other words, maintenance, warranty and spare parts optimisation must also be considered at the time of the design. The last stage of the product life cycle is retirement. When one customer has no further use for a product, another customer may want to use it or a part of it may be reusable in other products or the aggregated primary materials may be reusable. Without a lifecycle approach, issues like these are not likely to be addressed at the development stage, with the result that much of the product is disposed of at the end of life or only a few of the raw materials are recycled. Thus, a product has to be developed to make optimum use of reusability both during its life and after it gets to the end of its life.
Each stages of product life cycle are associated with some costs like cost of components, cost of spares, cost of maintenance, cost of failure, cost of assuring quality and reliability, etc. Life Cycle Cost (LCC) is the summation of cost estimates from inception to disposal for the system (Barringer and Weber, 1996) . As far as design is concerned, LCC is important from two different views. First is from manufacturer's point of view, also known as manufacturer's LCC and another is the customer's point of view, also known as customer's LCC or total cost of ownership. The manufacturer's cost generally consists of reliability design costs, internal failure costs and external failure costs. Reliability design costs include; inspection and life testing costs, training and management costs, and research and development costs, etc. Internal failure costs include yield loss, scrap and wastage, diagnostic costs, repair and rework operations costs and loss of time and wages. However, external costs include after-sale service and repair costs, replacement, warranty costs and loss of reputation. On the other hand, the customer's costs may include operating cost, maintenance cost, failure and associated costs and the depreciation cost. Readers may also refer to Blanchard (2006) for a more comprehensive cost break down structure.
The following sections explore the problem of integrated system and maintenance schedule design for life cycle, from the perspective of Indian machine tool industries. A brief literature review of some of the existing integrated approaches is also provided. The aim is to clearly identify the important issues that need to be addressed in development of an approach that integrates system and maintenance schedule design for life cycle and highlight a possible methodology for the same.
2 Integrated system and maintenance schedule design for life cycle: a perspective in the practical arena of Indian machine tool industries
Machine tool industry forms the pillar for competitiveness of the entire manufacturing sector since it produces capital goods which in turn may produce the manufactured goods. Machine tool manufacturers must realise that their customers are in-turn vendors to other customers and have commitments to meet. Since machine tools form the core of their manufacturing process, poor performances of machine tools, will jeopardise their ability to meet their commitments. Hence, being an integral sector, growth of the machine tools industry has an immense bearing on the entire manufacturing industry and is also crucial for the country's strategic requirement such as defence, railways, space and atomic energy. Where as, the purchase decision of a machine tool has been governed by the acquisition costs so far, this decision-making process is currently moving towards a global approach considering LCCs of a given machine tool (Denkena et al., 2006) . The cost break down structure and the importance of cost components varies depending upon the type of products. Ahmed, (1996) has classified the costs into recurring and non-recurring categories. The non-recurring category includes costs related to conceptual design, design engineering and development, and manufacturing and assembly. These amount to 3, 12 and 35%, respectively, of the total lifecycle cost. The recurring costs are related to operation, support and service and amount to 50% of the total LCC.
Though, only 15% of the total LCC is consumed during the design and the development phase, research has shown that as much as 85% of the remaining LCC is determined by decisions made during this stage (Ahmed, 1996) . For example, in case of a machine tool, even a marginal increase in the mean time between failures can reduce the warranty cost substantially (Ahmed, 1996) . There are a number of cost models to represent product LCCs, proposed by international organisations that also support the above cost break down structure. Readers may refer to VDI, (2005); SAE, (1999) .
Furthermore, the pollution prevention initiatives by the government and customer awareness of green products have placed increased pressure on industry to provide a best environmental practice manual with the product design. For example, automotive sector is forced to reuse or recycle a significant part of the automobile. A similar directive for machine tools cannot be disregarded in the near future (Enparantza et al., 2006) .
From the user sectors
The user sectors of machine tools are the automotive, automobile and ancillaries, railways, defence, steel, electrical, electronics, telecommunication, textile machinery, bearings, industrial valves, power-driven pumps, multi-product engineering companies, earth moving machinery, compressors and consumer durable like washing machines, refrigerators, television sets, air conditioners, etc. The machine tool users are asking for more information on the costs generated by the use of a machine tool. In addition, the issue of performance (Reliability, Availability and Maintenance (RAM)) is becoming closer to the heart of the customer than the capital cost.
One of the studies, (Vatwani, 2007) shows that according to the operations and maintenance personnel of the user sector of the machine tools industries, the priority that was given while rating a machine was in the following order: Globally, the automotive sector, one of the major users of machine tools, has been demanding machine availability estimates from their original equipment suppliers for some time now. In the recent years, it has also been requesting LCC data. Ford, for example, not only provides a cost model to be worked out by its machinery supplier, but also enforces a methodology of reliability and maintenance to be implemented at the manufacturers' enterprise (Enparantza et al., 2006) . Daimler-Chrysler buys machine tools and production lines according to a Total Costs of Ownerships (TCO) contract where the total LCC is assured by contract for ten years (Denkena et al., 2006) .
Need of integrated system and maintenance schedule design for life cycle in Indian machine tool industry
The Indian machine tool industry manufactures almost the complete range of metalcutting and metal-forming machine tools. Customised in nature, the products from the Indian basket comprise conventional machine tools as well as Computer Numerically Controlled (CNC) machines. Other variants, offered by Indian manufacturers include special purpose machines, robotics, handling systems and maintenance-friendly machines. Like other Asian countries, India also holds the advantage of lower labour costs. Indian manufacturers also enjoy a very good relationship with their customers that lead India on service issues of their products. But, they are constantly lagging in term of RAM performance of their products (Vatwani, 2007) . Benchmarking against best in class, yields large gaps in dependability, reliability, performance, maintenance, productivity and even value for money. For example, a benchmarking study with Taiwanese and Japanese manufacturers on productivity and quality for CNC machine tools produced by leading Indian manufacturers showed following results (Sutton, 2000) .
1 Foreign machines scored better on machine-related factors, like: reliability, maintainability, accuracy, productivity and documentation.
2 Indian machines scored better on service related factors, like: service, spares, etc.
3 Productivity differences among Indian firms are extremely large.
4 The best level of productivity achieved by any Indian producer is somewhat less than half of the minimum level achieved by the foreign firms surveyed (Japan and Taiwan).
5 Many of the problems in machine quality are of the kind that requires both design improvements and tight control of production processes.
Latest issues of the bimonthly newsletter of Indian Machine Tools Manufacturers Association (IMTMA) (Precitech, 2007) , also mentioned that few of the key customers of Indian machine tool industries have identified that reliability, maintainability are the aspects that needs greater attention from machine tools manufacturers. For example, Bajaj Auto Ltd., plans to make the entire plant Total Productive Maintenance-friendly, which in turn also needs machine tools with high reliability and maintainability. Some of the European machine tool manufacturers have started considering these issues during product design stage. In an ongoing project, being executed for the European machine tool companies, one of the motivations is the revelation that Europe can not compete only on price, it's necessary to compete on a more complex concept like cost effectiveness: technological leadership at (Prolima, 2007) . 1 minimum LCC 2 maximum performance (RAM and safety) 3 minimum environmental impact.
Similarly, a number of projects are underway in Germany that focus on life cycle performance of machine tools. For example, a research project funded by German Research Foundation (DFG), proposed a method to optimise the life-cycle-performance of machine tools by a suitable reliability and availability prognosis. (Fleischer, Niggeschmidt and Wawerla, 2007a) . In another research project, LICMA -Life cycle performance values for manufacturers of production facilities, sponsored by Bundesministerium fur Wirtschaft und Technologie (BMWi) goal is to optimise the forecast of life-cycle-costs and performance values for the operator and manufacturer (Rühl and Fleischer, 2007) . Similarly, the research project 'LoeWe', funded by the German Federal Ministry of Education and Research (BMBF), methods are developed to minimise the LCCs in the development, operation and recycling phase (Denkena et al., 2006) .
Indian machine tool manufacturers have also realised the same need. President of Indian Machine Tool Manufacturers' Association (IMTMA), Mr. C.P. Rangachar, expressed this fact as:
"Our lower price strategy will not sustain for long. Enlightened customers are looking at total cost of ownership, over initial cost. The issue of performance is much closer to the heart of the customer than the capital cost" (Precitech, 2007) .
Lower labour cost and better after sales service if added with better life cycle performance, will lead Indian machine tool manufacturers in the international market. Thus, a life cycle oriented design will help Indian machine tool industries to step out and establish a relative presence in national and international markets.
3 Integrated system and maintenance schedule design for life cycle: a literature perspective
On realising that integrated system and maintenance schedule design for a life cycle would be a useful approach to Indian machine tool industry, it was necessary to locate any work that reports the integration of different issues of product life cycle or give emphasise on the same. Crow, (2002) for example, has mentioned that testability/ inspectability, reliability/availability, maintainability/serviceability, environmental impact, upgradeability, installability, safety and product liability, human factors, etc. must be considered while designing a product for life cycle. Alting et al., (2007) have mentioned that for a design to be cost effective, all the end-of life issues must also be considered along with other design consideration.
A vast variety of literature also deals simultaneously with more than one phase or issues of the product life cycle (say for example, maintenance and product design, warranty and maintenance, burn-in testing, etc.). Monga, Zuo and Toogood, (1997) presented a reliability based design of a mixed series-parallel system with deteriorative components for minimum LCCs. It incorporated the effects of Preventive Maintenance (PM) and minimal repair into the system failure rate. The model is used to obtain optimal system configuration, PM intervals and system's economic life. Monga and Zuo, (1998) analysed the system cost over its useful life and proposed a more comprehensive approach for optimal system design with optimal burn-in period, optimal PM intervals and optimal system replacement time. Hussain and Murthy, (2003) , Amari et al., (2005) and Ghodrati and Kumar, (2005) have solved the problem of deciding the optimal number of spares parts and number of repair facilities and warranty issues with optimal reliability design problem. Shao and Lamberson (1988) have provided a systematic approach and summary of mathematical tools to analyse and estimate the impact of built-in-test design parameters on systems RAM. Jung and Park, (2003) ; Kim, Djamaludin and Murthy (2004) ; Pascual and Ortega, (2006) have dealt with the maintenance issue along with warranty policy. Kar and Nachlas (1997) have combined the warranty and burn-in strategies and showed the advantages of the same.
Some approaches have also studied the effects of change in the design variables. Chitra, (2003), for example has proposed an optimal PM interval and also carried out a sensitivity analysis with the interval values obtained. Yu, Kato and Kimura (2001) studied a multi-objective life cycle design optimisation problem for product variety and proposed a parameter study to analyse the trend of changes of solutions with the changes of parameters and objectives priorities. The EC-funded Environmental Life-cycle Information Management and Acquisition for consumer products (ELIMA) project developed an information management system which collects data from prototype products with Information Technology functions (Xie and Simon, 2005) . This system recorded, for example product operation, pattern of use, temperature and power consumption. Thus, the ELIMA system provides a database and management software to collect and analyse life cycle information from the entire life cycle. Xie and Simon, (2006) developed a dynamic model, to enable 'what if' modelling of scenarios of the future use of the ELIMA data management system, predicting flows of products through their life, the data arising from them and maintenance costs. The research in particular aimed at modelling of component and product RAM to track products during the life cycle period and generating of an estimate of spare parts and products at the repair and end-of life stages, linked to life cycle costing. The authors have mentioned that further work is needed to explore how to simulate the full bathtub curve and different distributions in the three periods to predict component failure more precisely for different products.
Apart from these, literature is also available that focuses on the estimation of LCC of machine tools. Fleischer, Wawerla and Niggeschmidt, (2007b) , for example have presented machine LCC estimation via Monte-Carlo Simulation. The work mainly focuses on maintenance costs. Enparantza et al., (2006) have presented a LCC calculation and management program for machine tools. It allows for the calculation of machine tool LCCs as well as managing machine RAM data.
The objective and challenges
From the above discussion, it is clear that if machine tool manufacturers intend to stay competitive in the market, their designers must consider LCCs at the design stage itself for making important economic decisions through engineering actions. To enable the designers to do this, it is necessary to have an approach that integrates system and maintenance schedule design for life cycle and satisfies customer's life cycle performance requirements at minimum LCC.
Even though this objective appears simplistic in nature, the situations are much more complex in actual practice and products belonging to different classes like consumer electronics, machine tools, electrical equipment, etc. will have entirely different issues to be addressed. Costs that are significant for one class of products may not be significant for other class of products. For example, in case of consumer electronic goods, product maintenance cost issues are not as significant as they are in the case of machine tools and other similar equipment. In case of machine tools, PM and repair not only affect probability of machine failure, but also the available production time. In many situations, users are forced to plan their maintenance in accordance with their production scheduling decisions. This may pose additional constraints to the designer of machine tools to consider user specific maintenance schedule requirements. If these and other such customer's performance requirements are not properly considered into the design of machine tools, the design may lead to a higher total cost of ownership to customers. The complexity of the design problem increases when the customers are unable to convert these requirements into reliability and maintainability values.
The following section highlights some of the important issues that need to be addressed to achieve the objective stated above.
Important issues for future research
While ascertaining the need for integrated system and maintenance schedule design for life cycle, this section highlights some of the most important issues that must be addressed.
The following issues are relevant to the theme of the problem:
1 Capturing user's shop floor performance requirements for the machine tool.
2 Converting user requirements into reliability and maintenance schedule requirements.
3 Developing an integrated model that simultaneously considers decision variables and cost parameters related to reliability and maintenance schedule design to achieve optimal total LCC of ownership.
4 Provide documented life cycle characteristics of the products to the customers including the information related to the reusability and recyclability of components/subsystem at the end of their life.
Methodologies
Following research steps need to be taken to address the above mentioned issues.
Defining the user's performance indicators for the machine tools
Most of the users do not directly specify reliability for machines and components. The specifications are mostly in terms of functional requirements and some performance indicators like process capability, Production Rate (PR), availability, etc. In some cases, their preference regarding desirable maintenance schedules may also be available. These performance indicators and maintenance schedule preferences may be used to derive the reliability and maintainability requirements during the life cycle.
Defining the failure based on the above performance indicators
Inability to achieve the specified minimum values of these performance indicators may be treated as failure of machine. This definition of failure can be supported by the definition given in the reliability and maintainability guideline for manufacturing machinery and equipment, where failure is defined as "any event due to which the machinery/equipment is not available to produce parts at specified conditions when scheduled, or is not capable of producing parts or performing scheduled operations to specification" (SAE, 1999).
Capturing the failure mode information from the customer's end
With the above failure definition in mind, it is necessary to capture all the failure modes that affect the predefined performance indicators. Table 1 shows failure modes of selected sub-assemblies of a CNC grinding machine recorded by one of the leading machine tool manufacturers of grinding machines in India (Micromatic Grinding Techologies Limited, Ghaziabad, India). As can be seen, these failure modes affect three of the most important performance indicators namely PR, quality and availability. 
Calculate cost of failure
As already mentioned, a failure may impact one or more performance indicators. It is necessary to quantify the impact of failures in terms of cost. A possible methodology is presented below using a simple example. Consider a single component operating as a part of a machine with only one failure mode that lowers the PR. Let the Reduction in Production Rate (RRP) due to failure of the component be expressed as a fraction, i.e. if RPR is 0.2, it would mean that there is a 20% reduction in PR. In reality, RPR would take different values with certain probability. Assuming that there would be 'i' discrete possible values of RPR, the expected RPR can be written as RPR 1 [RPR] (RPR )
Where, RPR i p is the probability of RPR i.
It can be assumed that a reduction in PR may not get detected immediately. Let 't i ' be the expected elapsed time before detecting a reduction of RPR i in PR (a smaller RPR would go undetected for a longer time). During the time when the failure goes undetected, some production is lost. Expected cost due to failure of the component will be 
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This approach can also be extended to cases with competing failure modes. Similar approach can be used for determining the cost impact of failure of a component that affects quality of the component being produced on the machine. Quality loss function could be used to quantify the cost impact of deviation from the target value of specification.
Connecting user requirement with reliability and maintenance parameters
When customers specify requirements in terms of performance indicators like availability, process capability, etc. The designer must express these in terms of decision variables related to reliability and maintenance. For example, if customer has specified availability requirement, the following approach may be used. Let us assume that the component displays a degradation based failure and the cost of failure is greater than the cost of preventive replacement. In this case, we would benefit from an optimal preventive replacement policy.
The expected Down Time (DT) due to the component failure over a time period 'T ', excluding the preventive replacement time, can be calculated as follows:
where, T PR is the preventive replacement interval. Expected Total Down Time (TDT) over a time period 'T ' would be the sum of DTs due to all components of the equipment.
Availability over a period 'T ' can be calculated as, PR TDT T t A T where, t PR is the total expected preventive replacement time within 'T '.
As E[N(T PR )], MTTR, T PR and t PR depend on reliability, maintainability and maintenance schedule related parameters, the approach given above can help in establishing the required link between customer specified requirements and the reliability, maintainability and maintenance schedule related parameters.
Similar relationship can be established with other cost related parameters like number of spares, warranty period, etc.
Total cost of ownership model
As we are interested in minimising the TCO, it is necessary to have an appropriate cost function. TCO could be defined as follows: TCO = Acquisition cost + Ownership cost + Disposal Cost.
Acquisition cost is derived from the cost that manufacturers incur in concept and definition, design and development, manufacturing, assembly and installation.
Ownership Cost includes all costs associated with the operation and maintenance support of the system throughout its life subsequent to equipment delivery in the field. Operational cost includes all costs associated with the actual operation of the system throughout its life cycle. Costs of failure will be a major constituent in this category.
System phaseout and disposal cost covers the liability or assets incurred when an item is disposed off. This factor is applicable throughout the system/equipment life cycle when phaseout occurs.
Some of these costs may vary with reliability, maintainability, maintenance schedule parameters and other decision variables of the integrated model, while other may be treated as constant.
After expressing all the variable costs in terms of system design and maintenance schedule variables, the design problem can now be formulated as:
Minimise TCO = f (reliability, maintainability and optimal maintenance/replacement period) subject to:
Availability requirements
Process capability requirement Specific maintenance schedule requirement.
Sensitivity analysis
After obtaining optimal values for the design parameters, sensitivity analysis can be performed to assess the effect of changes in design parameters (component and system reliability, maintainability and system configuration) and maintenance schedule parameters on the LCC and other performance indicators. Such information can be used to prepare a documented life cycle characteristic for the product.
Concluding remarks
This article has highlighted the issues in the integrated system and maintenance schedule design for life cycle. Methodologies to deal with these issues are also identified. When article is only conceptual and needs further attention from the researchers. Following benefits are apparent from such type of integrated approaches.
1 To customers customised products optimal total cost of ownership predicted life cycle characteristics of their production facilities will help in better asset management.
2 To manufacturer optimal LCC predicted life cycle characteristics will help the manufacturer to bargain with the customers and capture larger segment of market.
To society
Reduced environmental impact.
Though the article particularly focuses on machine tools industry, the issues highlighted here are also quite emerging in other sectors like automobiles, aerospace, electronics goods, defence industries, etc. The design professionals in these areas will also get a different look into their product development process.
